The role of equatorial oceanic waves on the evolution of the 2007 positive Indian Ocean Dipole (pIOD) event was evaluated using available observations and output from a quasi-analytical linear wave model. It was found that the 2007 pIOD event was a weak and short-lived event: developed in the mid-summer (July), matured in the early-fall (September), and terminated in the mid-fall (October). The evolution of the 2007 pIOD event was linked to the equatorial wave dynamics. The event development was associated with the generation of upwelling equatorial Kelvin waves (westward current anomalies) generated by easterly wind anomalies. The event termination was associated with the occurrence of eastward zonal current anomalies resulting from a complex interplay between the wind-forced down welling Kelvin waves and the eastern-boundary-reflected Rossby waves. Results from a quasi-analytical linear wave model show that during the event development and maturation, the wind-forced Kelvin waves played a dominant role in generating zonal current anomalies along the equatorial Indian Ocean, while the easternboundary-reflected Rossby waves tended to weaken the wind-forced Kelvin wave signals. During the event termination our model shows that the initiation of anomalous eastward current resulted from the reflected Rossby waves at the eastern boundary. The wind-forced Kelvin waves associated with the seasonal reversal of the monsoon further strengthened the eastward zonal currents generated by the boundary-generated Rossby waves in late-October/early-November. This highlights the importance of the eastern-boundary-reflected Rossby waves on the IOD event termination.
INTRODUCTION
Indian Ocean Dipole (IOD), a coupled ocean-atmosphere mode at inter-annual time scale, is associated with an oscillation of sea surface temperature (SST) in the tropical Indian Ocean. A typical positive IOD (pIOD) event is characterized by a warm (cold) SST anomaly in the western (southeastern) tropical Indian Ocean, while a negative IOD (nIOD) event has opposite features Webster et al. 1999; Murtugudde et al. 2000) . A swing in the SST and zonal wind anomalies associated with the IOD event has a typical biennial variation: the SST and zonal wind anomalies change signs from one year to the following year (Saji et al. 1999, McPhaden and Nagura 2014) . Observational records, however, have shown a consecutive pIOD event, in which a positive event is followed by another positive event (Meyers et al. 2007; Cai et al. 2009 ). In particular, the 2007 event was identified as a pIOD-La Niña pair (Behera et al. 2008) .
The rare co-occurrence of the pIOD and La Niña pair in 2007 calls for a dynamic assessment on the role of oceanic equatorial waves on the evolution of the 2007 pIOD event. Behera et al. (2008) suggested that easterly wind anomalies associated with subsidence over the Maritime continent generated upwelling Kelvin waves along the equatorial Indian Ocean. These waves caused shoaling of the thermocline in the eastern Indian Ocean leading to the evolution of the pIOD event. Cai et al. (2009) showed that the upwelling Rossby waves radiating from the eastern boundary play an important role in generating the SST gradient.
We quantitatively examine the role of equatorial waves on the evolution of the IOD event in this study using a combination of observational data and outputs from a wind-driven, linear, continuously stratified long wave ocean model. This model provides an opportunity to quantitatively identify the source of energy for these waves during the IOD event evolution. We focus on the evolution of a unique 2007 pIOD and La Niña event pair in which direct observations completely covered the event evolution. Results from this study complement that of Cai et al. (2009) , who used Argo observations to study the evolution of this event.
The paper is organized as follows. Section 2 describes the datasets and the liner model used in the present study. The observed evolution of the 2007 pIOD is presented in section 3. Section 4 discusses the role of directly-forced and boundary-reflected equatorial waves in the evolution of IOD events using a linear wave model. Conclusions are presented in section 5.
DATA AND MODEL DESCRIPTIONS

Data
The QSCAT daily winds, which are available from 19 July 1999 to 29 October 2009, were used in this study. The data has horizontal resolution of 0.25° × 0.25°. The SST data from January 1998 to December 2009 were derived from the Tropical Rain Measurement Mission (TRMM) data. This data has temporal and horizontal resolution of 7 days and 0.25°, respectively.
In addition, near-surface velocity data from the Ocean Surface Current Analysis-Real time (OSCAR) project were used (Bonjean and Lagerloef 2002) . The data were available from 21 October 1992 to 1 September 2010 with horizontal resolution of 1° × 1° and temporal resolution of 5 days. Daily temperature time series from the Research Moored Array for African-Asian-Australian Monsoon Analysis and Prediction (RAMA) buoy (McPhaden et al. 2009 ) in the central (0°, 80.5°E) and eastern (1.5°S, 90°E) equatorial Indian Ocean were also used in this study. ADCP moorings as part of the RAMA program were deployed in the central (0°, 80.5°E) and eastern (0°, 90°E) equatorial Indian Ocean. At 80.5°E the mooring provides daily subsurface current data down to 175 m depth for the period from 27 October 2004 to 17 October 2008. The 90°E mooring provides subsurface current data up to 300 m depth from 14 November 2000 to 19 March 2009. We also used a 10-m depth ocean current meter installed on the RAMA buoy at (0°, 90°E). This current meter provides near-surface current data from 12 September 2006 to 21 November 2009.
The vertical potential density profiles were calculated using temperature and salinity data from Argo float observations provided by the Institut français de recherche pour l'exploitation de la mer (IFREMER) Coriolis data center (Roemmich and Gilson 2009). The data were available from near surface up to 2000 m with vertical resolution from 5 -20 m for the upper 320 m. The data were mapped with a temporal resolution of 7 days on 0.5° × 0.5° horizontal.
Mean climatologies of all variables were calculated from time series over the period January 2002 to December 2008, except for the near-surface currents, which were calculated as a deviation from a long-term mean of January 2007 to December 2008. The anomaly fields for all variables were then constructed based on deviations from their mean climatology. The anomalous data were finally smoothed with a 15-day running mean filter.
Model Descriptions
The model used in this study is a wind-driven, linear, continuously stratified long-wave ocean model (Nagura and McPhaden 2010a, b) . The model used the first 10 baroclinic modes and 15 meridional modes (the Kelvin mode and the first 14 Rossby modes). Mean density stratification from the observed Argo temperature and salinity from the surface to 4000 m was used to calculate the vertical modes. Since the Argo profiles only provide data up to 2000 m depth, we simply extrapolated the profile of potential density up to 4000 m depth. Note that the density stratification was averaged over the region 15°S -15°N and 40° -100°E. The phase speeds for the first and second baroclinic mode Kelvin waves were 2.5 and 1.55 m s -1 , respectively. These results are in agreement with previous studies in the equatorial Indian Ocean (Clarke and Liu 1993; Han 2005) .
The model is unbounded in the meridional direction and the zonal domain spans 40° -100°E, with straight northsouth meridional walls at the eastern and western boundaries. Following observational results (le Blanc and Boulanger 2001), we used 85% as reflection efficiency at both the eastern and western boundary. The grid sizes are Δx = 2° and Δt = 12 hrs. The damping coefficient is A c n 2 , where the subscript n denotes the vertical mode number. The parameter A is an arbitrary constant chosen so that the damping coefficient for the first vertical baroclinic mode is (12 months) 
EVOLUTION OF 2007 INDIAN OCEAN DIPOLE
Surface Evolution
The 2007 pIOD evolution is indicated by the Dipole Mode Index (DMI) as shown in Fig. 1a . The DMI tended to increase by July, co-occurred with the Niño 3.4 index evolution (Fig. 1b) . This unusual pIOD-La Niña pair has been reported by Behera et al. (2008) . After a short weakening in late-July/early-August, the DMI persisted, increasing from mid-August and reached its peak in September. The increase in DMI co-occurred together with the Niño 3.4 index. While the Niño3.4 index continued to grow, the DMI started to decrease in late-September. The DMI changed sign by the end of October as the pIOD event was completely terminated. However, La Niña was then already fully established and persisted until February.
The spatio-temporal evolution of the 2007 pIOD event is described in Fig. 2 . Apparently, easterly wind anomalies in the equatorial Indian Ocean were observed during May 2007 (Fig. 2a) . These easterlies were associated with a negative SST anomaly in the southeastern equatorial Indian Ocean and positive SST anomaly over most of the western tropical Indian Ocean. Behera et al. (2008) pointed out that these easterly wind anomalies in Spring 2007 were a key feature for the evolution of the 2007 pIOD event. These easterlies, however, were weakened in June (not shown). In July easterly winds and southeasterly winds were observed along the equator and along the southern coast of Sumatra and Java, respectively (Fig. 2b) . A typical pIOD pattern was established in September (Fig. 2c) . A maximum negative SST anomaly located to the west of Sumatra was observed and had values exceeding -1.2°C. A positive SST anomaly of the order of about 0.8°C occupied the western-central Indian Ocean. Associated with the SST pattern, easterly wind anomalies were observed along the equator from the central basin to the coast of Sumatra, while anomalous southeasterly winds were observed along the coast of Sumatra reflecting strong upwelling in that region (Fig. 2c) .
The Indian Ocean returned to normal conditions in boreal fall of October -November as the SST dipole-pattern demised (Fig. 2d) . A warm SST anomaly occupied most of the eastern equatorial region, while a cold SST anomaly was loaded in the western equatorial region. In addition, the easterly wind anomalies along the equator also changed into westerly wind anomalies.
Subsurface Evolution
The corresponding temporal evolution of zonal currents observed in the central and eastern equatorial Indian Ocean during January -December 2007 are presented in Fig. 3 . The eastward flowing Wyrtki jet that occurs during monsoon transition periods in April/May was observed in the central equatorial Indian Ocean during April 2007 . This eastward jet can be observed from near surface ( Fig. 3a ) down to 100 m depth (Fig. 3b ). Near-surface zonal current in the central equatorial Indian Ocean rapidly strengthened toward the west in early-August and reached its maximum of about 60 cm s -1 in late-August (Fig. 3a) . It gradually decreased in September before it turned toward the east in early-October. In the deeper layer, however, it showed eastward current anomalies from mid-July to mid-August (Fig. 3b ). Strong westward current anomalies were observed in September with a maximum peak of about 65 cm s -1 . A fall Wyrtki jet was observed from the surface down to about 100 m depth in October -November 2007 (Figs. 3a -b) as the pIOD was completely terminated.
In the eastern equatorial Indian Ocean, however, the spring Wyrtki jet was only observed near the surface ( Fig. 3c) . The subsurface zonal current anomalies at the deeper level showed an opposite direction (Fig. 3d ). The zonal current anomalies indicated westward anomalies from May and stayed westward until July, except for short-term variability forced by intra-seasonal winds in June (Figs. 3c -d) . After a short-reversal to the eastward current anomalies in the late-July/early-August, the zonal currents again switched to the westward until mid-September. Interestingly, although the zonal current anomalies in the central equatorial Indian Ocean are strongly westward (Figs. 3a -b) , we observed eastward zonal currents in the eastern equatorial Indian Ocean in September (Figs. 3c -d) . These eastward zonal currents may play an important role in the termination of the 2007 pIOD event and it will be discussed in section 4. A fall Wyrtki jet was also observed in the eastern equatorial Indian Ocean in October/November (Fig. 3a) , though with a smaller amplitude observed in the deeper levels (Fig. 3d) .
Corresponding subsurface signals for the evolution of the pIOD event can be observed in the subsurface temperature profile (Horii et al. 2008) . Large negative temperature anomalies (< -4°C) were observed in the upper thermocline at all mooring locations prior to the 2007 pIOD event (Figs. 4a -b) . In the central equatorial Indian Ocean, these negative anomalies continued for several months until June 2007 though with smaller amplitude (Fig. 4a ). There was a short weakening of the negative temperature anomalies in July associated with strong eastward current anomalies during that period (Figs. 3a -b) . The negative anomaly developed again in late-July as the pIOD started to develop, and it lasted until late-September/early-October (Fig. 4a) . We note that the strongest negative temperature anomaly of < -3°C occurred in late-September/early-October, when the surface IOD signal disappeared. Negative subsurface temperature anomalies that occurred in mid-October terminated as the temperature changed to positive anomalies from the surface down to 300 m depth. This change was associated with the generation of the fall Wyrtki jet in October/November (Figs. 3a -b) .
The initiation of negative temperature anomalies in the eastern equatorial Indian Ocean was observed in May 2007, two months before the onset of the 2007 pIOD event (Fig. 4b) . The negative anomaly lasted for about 6 months until mid-October before it suddenly changed into a positive anomaly at all water columns from the surface down to 300 m depth during late-October/early-November. We note that a maximum negative anomaly of about -4°C occurred in September -October, during which subsurface isotherm spreading occurred.
ROLE OF EQUATORIAL WAVES
The evolution of the IOD event is strongly influenced by the equatorial oceanic wave dynamics (Chamber et al. 1999; Webster et al. 1999; Vinayachandran et al. 1999; Rao et al. 2002; Feng and Meyers 2003; Rao and Yamagata 2004; Yuan and Liu 2009; Iskandar et al. 2013 ). Thermocline shoaling in the eastern basin is associated with the propagation of upwelling equatorial Kelvin waves generated by easterly wind anomalies during pIOD event evolution. The same pattern of anomalous wind stress also forced westward propagation of down welling Rossby waves that deepened the thermocline in the western basin. Figure 5 shows longitude-time diagrams of the anomalous zonal wind stress and zonal currents along the equator. From early 2007 until March, easterly wind anomalies appeared along the equator, while westerly wind anomalies were observed in the far eastern equatorial Indian Ocean (Fig. 5a ). These easterly wind anomalies forced westward zonal current anomalies associated with the upwelling equatorial Kelvin waves along the equator (Fig. 5b) . In April strong westerly wind anomalies occurred along the equator that forced eastward zonal current anomalies, which are associated with the down welling equatorial Kelvin waves. Note that the eastward zonal current anomalies reveal westward phase propagation during April -May indicating the important role of Rossby waves in generating this westward phase propagation (Nagura and McPhaden 2010b) . Previous studies have shown that the eastern-boundary reflected upwelling Rossby waves from the incoming upwelling Kelvin waves play an important role in zonal current variations along the equatorial Indian Ocean McPhaden 2010b: Iskandar et al. 2013) .
In late-April the easterly wind anomalies gradually strengthened and reached its peak in May (Fig. 5a) . However, the zonal currents still indicated eastward current anomalies before they turned into weak westward anomalies in lateMay (Fig. 5b) . This may suggest that the eastern-boundary reflected Rossby waves play a role in generating eastward zonal current anomalies along the equator during this period. The zonal wind anomalies in the eastern-half of the basin remained easterlies until October 2007, while episodic westerly wind anomalies were observed in the western-half of the basin (Fig. 5a ). As oceanic response to the easterly wind anomalies, upwelling equatorial Kelvin waves were generated and the zonal currents along the equator were westward anomalies until late-September (Fig. 5b) . The 2007 pIOD event was terminated in October coinciding with the occurrence of westerly wind anomalies along the equator in October associated with a reversal of the monsoon. These westerly wind anomalies forced down welling equatorial Kelvin waves and eastward zonal current anomalies along the equator. Rao et al. (2009) suggested that these westerly wind anomalies associated with the Madden-Julian Oscillation generated down welling Kelvin waves and terminated the 2007 pIOD event. However, it is interesting to note that the initiation of eastward zonal current anomalies during the 2007 pIOD event termination preceded the westerly wind anomalies. Thus, this phase lag may further suggest the importance of the easternboundary reflected Rossby waves in generating eastward zonal current anomalies along the equator.
In order to quantitatively examine the role of windforced and reflected equatorial waves in 2007 pIOD event evolution we evaluated our linear wave model results. The model provides an opportunity to diagnose the wave processes involved in 2007 pIOD event evolution as its output can easily be separated into wind-forced and boundary-reflected waves. Here, we separately evaluate the relative importance of wind-forced and boundary-reflected waves in generating zonal current anomalies during 2007 pIOD event evolution. Figure 6 shows the evolution of zonal current anomalies induced by the wind-forced and boundary-generated waves during 2007. As shown in the observed zonal current anomalies (Fig. 5b) , there were alternate eastward and westward zonal current anomalies in early 2007 though the model over (under) estimates the eastward (westward) currents (Fig. 6a) . The eastward current anomalies in the eastern basin during January are associated mainly with the eastern-boundary-reflected Rossby waves (Fig. 6d) with a relatively small contribution coming from the western-boundary-reflected Kelvin waves (Fig. 6b) . In the western basin the westward current anomalies were generated mostly by the wind-forced Rossby waves (Fig. 6e) , while the western-boundary-reflected Kelvin waves tended to weaken the signals (Fig. 6b) .
Strong eastward zonal current anomalies along the equator in April were well captured by the model (Fig. 6a) . Apparently, these eastward zonal current anomalies were due mainly to the eastern-boundary-reflected Rossby waves (Figs. 6a, d ). The zonal currents turned to the westward anomalies in May as the easterly wind anomalies prevailing over the equatorial Indian Ocean. They remained westward anomalies until October in agreement with the observation, with a short reversal to the eastward anomalies in late-July/ early-August. Both the wind-forced Kelvin waves and the eastern-boundary-reflected Rossby waves contribute to generating the eastward zonal current anomalies during late-July/early-August (Figs. 6c -d) .
During the development and peak phases of the 2007 pIOD event in August -September, the wind-forced Kelvin waves play a dominant role in generating the westward current anomalies (Figs. 6a, c) . These wind-forced Kelvin waves were generated by the easterly wind anomalies, with its maximum located around 80° -95°E (Fig. 6a) . Note that the eastern-boundary-reflected Rossby waves weakened the westward currents during this period (Fig. 6d) . The eastward zonal current anomalies that occurred during 2007 pIOD event termination were associated mostly with the wind-forced Kelvin waves (Fig. 6c) , although the easternboundary-reflected Rossby waves also contributed (Fig. 6d ). These eastward current anomalies were generated by the prevailing westerly wind anomalies along the equatorial Indian Ocean during October in concert with the seasonal monsoon reversal (Fig. 6a) .
In order to explicitly assess the causes of the westward and eastward zonal current anomalies observed in the eastern equatorial Indian Ocean during 2007 pIOD event evolution, we plot each wind-forced and boundary-generated equatorial wave component at the buoy location (0°, 90°E) (Fig. 7) . Apparently, the westward zonal current anomalies that appeared in May were strongly influenced by the wind-forced Kelvin waves. By the end of May when the westward current anomalies reached a maximum, the Rossby waves were reflected from the eastern-boundary that tended to weaken the westward current anomalies. The eastward zonal current anomalies that occurred in July were shown generated mostly by these eastern-boundary-reflected Rossby waves. During the peaks phase of the 2007 pIOD event, the westward zonal current anomalies were due mainly to the wind-forced Kelvin waves, where the eastern-boundary-reflected Rossby waves act to reduce the signals from the wind-forced Kelvin wave. It is interesting to note that a phase lag occurred between the total current anomalies and the current anomalies induced by the wind-forced Kelvin waves in the eastern equatorial Indian Ocean during 2007 pIOD event termination in October. The initiation of eastward current anomalies leads the wind-forced Kelvin wave signals. This may suggest the important role of the eastern-boundary-reflected Rossby waves in 2007 pIOD event termination. Note that the contributions from wind-forced Rossby and reflected Kelvin waves were negligible (not shown).
CONCLUSION
This study examined the role of equatorial waves during the 2007 pIOD event evolution using available observational data and output from a continuously stratified long wave model. The present observational results indicate that the 2007 pIOD event co-occurred with a La Niña event that took place in the Pacific Ocean (Figs. 1a -b) . Behera et al. (2008) suggested that during 2007 unusual three Walker cells with two ascending branches occurred over the warm SST anomalies in the western Indian Ocean and in the western Pacific. This condition leads to the presence of easterly anomalies over the equatorial Indian Ocean during the boreal spring that triggered the 2007 pIOD event. The 2007 pIOD event was a weak and short-lived pIOD event. It developed in the mid-summer (July), matured in the early-fall (September) and terminated in the mid-fall (October) (Fig. 2) . The corresponding subsurface evolutions of the 2007 pIOD event were also observed in the subsurface zonal currents and subsurface temperature in the central and eastern equatorial Indian Ocean (Figs. 3 -4 ). There were strong westward current anomalies observed in the equatorial Indian Ocean before 2007 IOD event initiation in May and June (Fig. 3) . During the peak event phase in September, the observed currents were westward anomalies. The event termination was associated with the occurrence of eastward current anomalies concurring with the seasonal monsoon reversal in October. The negative temperature anomalies in the thermocline characterized the subsurface temperature of the 2007 pIOD event (Fig. 4) . Interestingly, we observed strong negative temperature anomalies in early 2007 at all mooring locations. We note that these negative temperature signals may have resulted from the previous pIOD event in 2006 (Horii et al. 2008) The negative subsurface temperature anomalies in the central equatorial Indian Ocean lasted until early-October with a short-break in July (Fig. 4a) . The negative subsurface temperature anomalies in the central equatorial Indian Ocean gradually changed into positive anomalies in mid-October. The negative subsurface temperature anomalies in the eastern equatorial Indian Ocean observed from early 2007 lasted only until March (Fig. 4b) . The subsurface temperature changed into positive anomalies in April. The initiation of negative subsurface temperature anomalies for the 2007 IOD event was first observed in May, two months earlier than the surface IOD signal (Figs. 1a, 4b) . Although there was a weakening of the negative subsurface temperature anomalies in July, these anomalies persisted for about 6 months until mid-October, before they were suddenly replaced by positive anomalies in early-November. This termination of the subsurface signals coincided with the seasonal reversal of the monsoonal winds in October/November.
The 2007 pIOD event evolution is linked to the equatorial wave dynamics. We observed several episodic easterly wind anomalies during 2007 pIOD initiation, which generated upwelling equatorial Kelvin waves and westward current anomalies (Figs. 5a, b) . The westward current anomalies along the equator generated by strong easterly wind anomalies in May and July were weakened by the easternboundary-reflected Rossby waves generated by the previous incoming upwelling Kelvin waves in March/April. As the IOD came to its peak in August -September, strong westward current anomalies were observed along the equator. During the 2007 pIOD event termination in October, easterly wind anomalies along the equator were replaced by westerly wind anomalies. At the same time we observed strong eastward current anomalies along the equator suggesting the important role of equatorial waves in the event termination.
We then evaluated the relative roles of wind-forced and boundary-generated waves in the 2007 pIOD event evolution using a simple linear wave model. The model well simulated the zonal current patterns associated with the IOD event. One of the main advantages of using a linear wave model is that it allows us to separate directly the windforced waves from the boundary-generated waves (Fig. 6) . The model shows that during the development and mature phases of the 2007 pIOD event, the wind-forced Kelvin waves play an important role in generating the westward zonal current anomalies along the equator (Figs. 6a, c, 7) . The eastern-boundary-reflected Rossby waves tended to weaken the wind-forced Kelvin wave signals (Figs. 6d, 7) .
The 2007 pIOD event termination in October co-occurred with the presence of eastward zonal current anomalies along the equator (Fig. 6b) . Previous studies have shown that the intra-seasonal Kelvin waves forced by the intra-seasonal winds associated with the MJO terminated the 2007 pIOD event (Rao et al. 2009 ). In this study we found that both the wind-forced Kelvin and the eastern-boundary-reflected Rossby waves have comparable contributions to generating these eastward zonal currents (Figs. 6a, c, d, 7) . However, it should be noted that a phase lag occurred between the eastward zonal current anomalies and the anomalies generated by the wind-forced Kelvin waves (Fig. 7) . The initiation of eastward current anomalies leads the wind-forced Kelvin wave signals. This highlights the importance of the eastern-boundary-reflected Rossby waves in generating the eastward zonal current anomalies during 2007 pIOD event termination.
Compared to the 2006 pIOD event, the 2007 pIOD event was much weaker and shorter. We noted that during the 2006 pIOD event strong easterly wind anomalies were observed during event development in late-July and continuously eastward until December 2006 (Horii et al. 2008; Iskandar 2012) . This easterly anomaly forced strong upwelling Kelvin waves, leading to strong negative SST anomalies in the eastern equatorial Indian Ocean off Sumatra and Java. Meanwhile, during the 2007 pIOD event, easterly wind anomalies were first observed in May and remained eastward until November. However, the amplitude of these easterly anomalies was much weaker than those observed during the 2006 pIOD event evolution. During the 2007 pIOD event evolution we observed frequent westerly wind anomalies that forced intra-seasonal down welling Kelvin waves along the equator. These down welling Kelvin waves tended to weaken anomalous upwelling in the eastern equatorial Indian Ocean.
